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Abstract 
    A parametric study of chemical segregation during the solidification of concentrated binary alloy under uniform 
magnetic field effect was performed. The purpose of this work is to present and discuss a numerical solution of phase 
change problem for a vertical Bridgman system with varying temperature gradient at the boundary. During growth, 
three regions appear; liquid, mushy and solid zones. The mushy zone is assimilated to porous medium. The transport 
equations for continuity, momentum, energy and spices transfer are solved.  Numerical results for flow in the bath, 
solute distribution and radial segregation have been obtained for different values of the governing parameters. The 
effects of various physical parameters like Rayleigh number and Hartmann number on dimensionless heat and mass 
transfer during phase change under magnetic field effect characteristics are discussed in detail. In particular, it has 
been found that increase in Rayleigh number increase convection in the melt and complicates the solute distribution 
in the mushy zone, while increase in the strength of the magnetic field leads to decrease the radial segregation and 
stratified the solute distribution during growth. 
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1. Introduction  
    Several numerical and experimental studies of thermosolutal convection during Bridgman 
solidification have been performed [1, 2]. It was found that the convection directly affects the amplitude 
of chemical segregations during growth. Then, as solution proposed, applying a magnetic field during 
growth reduces convection in the melt and homogenized distribution of solute.  The electromagnetic 
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effect has been extensively used to damp convection in melts of alloys during growth. The convection 
damping is achieved through the Lorentz force that is produced by the induced current and the magnetic 
field applied [3, 4].   
Nomenclature                                                                      Greek symbols
R       radius……………………………m                        ρ   density ………………………….kg/m3     
H      cavity height………………..........m                        ψ   dimensionless stream function  
r       dimensionless radial coordinate                               δ      electrical conductivity ……….. Am/V 
z       dimensionless axial coordinate                                subscripts                                                                                        
u       dimensionless radial velocity                                   0       initial quantities                          
v       dimensionless axial velocity                                     h       hot 
t        dimensionless time                                      
p       dimensionless pression                                
T       dimensionless temperature     
C      dimensionless concentration 
g       Gravity ………………………..m/s2 
N      buoyancy ration 
0B   magnetic induction …………….Tesla 
      In this work, we extend previous studies [5-8] to non dilute multi component systems and to the 
combined effect of magneto-hydrodynamic (MHD).  In particular, we focus on the effects of an axial 
static magnetic field on the Bridgman Growth with convective flows induced by both thermal and solutal 
buoyancy forces. To this purpose, a complete 2D (axi-symmetric) finite volume model for full coupled 
flow, thermal and solutal fields has been established. The algorithm SIMPLER is selected to deal with 
pressure – velocity coupling. A power law model is adopted to fit with the interpolation of diffusive and 
convective terms.  The enthalpy-porosity formulation for problems involving phase change was 
successfully used for directional solidification in unsteady state. The temperature of the solid-melt 
interface is determined from the phase diagram. The furnace temperature profile is imposed through a 
heat transfer boundary condition. The calculations are done in unsteady state. The problem is solved using 
a developed code. 
2. Physical Model 
   We consider a Bridgman furnace in which a moving linear temperature profile imposed on the lateral 
surface of the bath. The temperature profile is translated with a constant pulling velocity as a result of the 
furnace movement causing the liquid/mushy zone and mushy zone/solid interfaces. The top and the 
bottom are adiabatic and impermeable to any mass transfer. 
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                                                              Fig. 1:   Physical model 
We include several physical assumptions to simplify the global equation system, such as:
• The liquid is considered Newtonian and the flow is laminar. 
• The thermo physical properties of the metallic alloy close to the melting temperature (thermal 
conductivity, diffusion coefficient, kinematic viscosity and density) are constant and isotropic. 
• The thermosolutal convection in the bath is induced by the density variation due to the 
temperature and concentration gradients. In this case, the Boussinesq approximation is used to 
express the density variation. 
•  Configuration of the melt container is axisymmetric. 
• We treat the mushy zone as a porous medium. 
• No pore form. 
• The solute diffusion in the solid is negligible as supposed by Sheil [9].
3. Mathematical Model 
   The dimensionless form of the governing time dependant equations describing mass, momentum, heat 
and solute transport in cylindrical coordinate systems are: 
3.1.  Continuity equation  
( ) 01 =
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3.2.  Momentum equation in radial direction 
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The term (I) presents the flow in the mushy zone.  In the problems of metal alloys phase change, the 
mushy zone is assimilated as a porous medium of ζ porosity V.R.Voller and Prakash [10]. According to 
Darcy's law, A is derived from the Carman-koseny [11] equation. 
( ) ( )q/A +−−= 321 ζζη                                                             (3) 
with   
             SF−= 1ζ                                                                    (4) 
where SF  is the solid fraction. The constant η  depends on the mushy zone morphology. According to 
reference [10] it equals 3106.1 × . In the same reference, the constant q introduced to avoid division by 
zero equals 001.0 .
3.3.  Momentum equation in axial direction  
( ) ( )( )
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 where II  presents the electromagnetic force effect.  
3.4. Energy equation  
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where (III)  expresses the amount of heat released during phase change. 
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3.5. Solute equation 
According to the mathematical modeling of the solidification problem for the single domain by 
Timchenko et al [12], the solute transport is governed by the following equation: 
       
( ) ( ) ( )
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(5)                     
where (IV)  expresses the amount of solute rejected in the mushy zone.
The no-slip condition on velocity at the solid borders of the melt 
            0== vu                                                                                   (6) 
At the axis of the cylinder which is taken as a line of symmetry  
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At the initial state, in the hot zone, the melt is at rest and at uniform concentration 0C .  
At 0=t ,   hTTCCvu ==== ,,0 0                                                  (10) 
Table 1: Dimensionless groups and characteristic values used in calculations
       
Name symbol Definition Value 
Thermal Rayleigh number 
TRa νλβρ /3RTCg Tp ∆ -6.3×10
4
Prandtl number Pr  λµ /pc 0.01 
Stefan  number Ste HTCP ∆∆ / 11.9 
Buoyancy forces ratio N TC Ts ∆ββ /0 -1.6 
Schmidt number Sc D/ν 43.1 
Hartman number Ha ρνδ /0 RB
0-200 
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3.6. Solid fraction calculation 
     In metallurgical solidification of binary alloy, the function ( )TFs  will depend on the nature of the 
solute distribution and the associated phase change equilibrium diagram.  In the present work a simple 
linear form for the local solid fraction ( )TFS  is given: 
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where LT  is the liquidus temperature at which solid formation commences and sT is the solidus 
temperature at which full solidification is achieved.  
4. Results and discussion 
   We present our results for an annular cavity of aspect ratio H/R equals 3. In our numerical simulations, 
the melt is initially at liquid state defined by a Prandtl number equal to 0.01. The rejected solute at the 
liquid-mushy zone interface is defined by a Schmidt number of Sc = 43.11 and by segregation coefficient 
kp = 0.0656. A sequence of simulations was performed to demonstrate the combined effects of convection, 
segregation and the role of the electromagnetic effect on the crystal growth of Sn-Pb alloy. Calculations 
in unsteady state for Pr=0.01 with varying convection and electromagnetic level were performed by 
changing the Rayleigh and Hartmann numbers and keeping the Buoyancy forces ratio constant.
Geometrical parameters and thermo physical properties of the binary alloy are listed in the tables 2. 
Table 2: Thermo physical properties of the Sn-Pb alloy 
Quantity Symbol Value 
density (kg/m3) ρ 7.165 ×103
Dynamic  viscosity ( Ns/m-2) µ 1.39×10-3
Thermal conductivity (W/0C m) λ  32.9 
Specific heat (J/ °C.Kg) cp 253.6 
Thermal expansion coefficient of (C-1) 
Tβ -8.75×10
-5
solutal expansion coefficient  
Cβ
5.25×10-3
Solute diffusivity(m2/s) D 4.5×10-9
Partition coefficient kp 0.0656 
Latent heat (J/kg) H∆ 59.157×103
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3.1 Effect of Rayleigh number 
   The figure 2 shows the flow evolution in the melt represented by the maximum stream function for 
different Rayleigh number. At the beginning of growth, the flow is maximum in the liquid zone. 
Increasing the Rayleigh number gives more time for growth. At ,90!t the liquid zone is minimized 
over time and the value of stream function falls to zero. Therefore, the solidification reduces the flow in 
the melt until it vanishes completely. 
    The evolution of C∆  as function of the solid fraction solidified is shown in figure.4. The radial 
segregation rises from zero initially to over 15.0 . Increasing the intensity of the magnetic field effect by 
increasing the Hartmann number Ha, this has a strong effect on C∆ . The radial no uniformity of the 
concentration field is described by the radial segregation formula:  
( ) avCCCC /minmax −=δ                                                            (12) 
Where maxC , minC  and  avC  are, respectively, the maximum, minimum and radially average interfacial 
concentration. 
   The amplification of the radial segregation with time is demonstrated on figure 3. The competition 
between convection in the liquid and solute mass filtration in the mushy zone for large Rayleigh numbers 
gives rise to a complex mass transfer at the interface. This phenomenon becomes important with the 
development of the mushy zone resulting an amplification of radial segregation over time (see figure 3). 
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Fig. 2: The maximum stream function for different Rayleigh number 
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Fig. 3: Evolution of the radial segregation in time as a function of solidified length for 5108Ra ×=
  The numerical results are compared with predictions of Kaddeche et al  [14] for convective flow (see
figure 4). 
( ) 9/29/111.1 −−−= ScGrPekC pδ
                                           
(13) 
where λρ /pg CVRPe =  is the Peclet number based on the pulling rate gV
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Fig. 4: Comparison of numerical and theoretical results calculated by Kaddeche et al [14] formula. 
 At ,17!t  a perfect superposition of the results obtained where the regime of heat transfer is purely 
convective. For ,20"t the convection in the melt decreases and the solute diffusion increases with the 
development of the mushy zone. Therefore, it is difficult to satisfy the Kaddeche formula. 
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3.2 Effect of Hartmann number 
   The competition between the buoyancy and Laplace forces for large Hartmann number gives rise to a 
low flow structure in the melt (see figure 5). The numerical calculations showed that the convection in the 
melt decreases continuously with increasing Ha number and heat and mass transfer becomes purely 
diffusive (see Figure 6). 
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Fig. 5: The maximum stream function for different Hartmann number 
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Fig. 6: Radial segregations for different Hartmann number 
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5. Conclusion  
   The Bridgman crystal growth with an externally applied static magnetic field was considered in this 
work. Natural convection analysed via Rayleigh number affects the radial segregation which becomes 
more important. However, the applied magnetic field analysed via Hartmann number decreases the both, 
convection in the melt and chemical segregation.  
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